A finite element (FE) model has been developed based upon the recently measured microscale morphological, chemical and mechanical properties of dentin-adhesive (d-a) interfaces using confocal Raman microspectroscopy and scanning acoustic microscopy (SAM). The results computed from this FE model indicated that the stress distributions and concentrations are affected by the micro-scale elastic properties of various phases composing the d-a interface. However, these computations were performed assuming isotropic material properties for the d-a interface. The d-a interface components, such as the peritubular and intertubular dentin, the partially demineralized dentin and the so-called 'hybrid layer' adhesive-collagen composite, are probably anisotropic. In this paper, the FE model is extended to account for the probable anisotropic properties of these d-a interface phases. A parametric study is performed to study the effect of anisotropy on the micromechanical stress distributions in the hybrid layer and the peritubular dentin phases of the d-a interface. It is found that the anisotropy of the phases affects the region and extent of stress concentration as well as the location of the maximum stress concentrations. Thus, the anisotropy of the phases could effect the probable location of failure initiation, whether in the peritubular region or in the hybrid layer.
INTRODUCTION
The micromechanical behaviour of the dentin-adhesive (d-a) interface can provide insight to the bonding and failure mechanisms associated with dental restorations using composites. Current adhesives attach to dentin via a hybrid layer (HL) (see Nakabayashi & Saimi 1996; Nakabayashi & Pashley 1998) . The ideal HL is formed when adhesive resin penetrates the demineralized dentin, infiltrating the exposed collagen to create a continuous integrated collagen/resin biopolymer that bonds the bulk adhesive to the intact dentin (Gwinett 1993; Tam & Pilliar 1994; Inokoshi et al. 1996; Eick et al. 1997) . The collagen fibres of the demineralized dentin are expected to be enclosed in adhesive resin and are thus protected from the hydrolytic action of oral or dentinal fluids. However, demineralized dentin is 30% collagen and 70% water, and the adhesive must diffuse through water to form the HL (Nakabayashi & Pashley 1998) . Frequently, the hybrid zone consists of a complex composite structure with morphology and properties that are highly sensitive to both the demineralization process and specific characteristics of the bonding adhesive system. For instance, the BisGMA/HEMA adhesive system undergoes physical separation upon mixing with water in the demineralized dentin, leading to partitioning of the adhesive into hydrophobic BisGMA-and hydrophilic HEMArich phases . The critical dimethacrylate (BisGMA), the component that contributes most to the cross-linked polymeric adhesive, is found to infiltrate only a fraction of the wet, demineralized intertubular dentin, and nearly half of the interface remains predominantly collagen with contribution from the hydrolytically unstable monomethacrylate HEMA. Because of its low cross-link density, HEMA is unstable in aqueous environments, and this phase will thus degrade when exposed to oral fluids. The objective of encapsulating the exposed collagen fibers of the demineralized dentin is not always achieved and the zone of demineralized dentin/exposed collagen is not completely infiltrated by adhesive resin.
In recent years, finite element (FE) models have been developed to understand the potential influence of imperfect HL upon the mechanical performance of the d-a interface (e.g. Lee et al. 2001) . These FE models have been utilised to obtain the micromechanical stress distributions within the d-a interfaces. Based upon recently measured micro-scale morphological, chemical and mechanical properties of d-a interfaces, the authors have developed an FE model (Misra et al. 2004) . In this model, confocal Raman microspectroscopy has been utilised to characterize the micro-scale morphology and composition, while scanning acoustic microscopy (SAM) has been utilised to measure the micro-scale elastic moduli of d-a interfaces. The results computed from the FE model indicate that the stress distributions and concentrations are affected by the micro-scale elastic properties of various phases composing the d-a interface. However, these computations were performed assuming isotropic material properties for the d-a interface. The dentin has long been regarded as an anisotropic material and recent measurements provide further evidence of the anisotropic nature of dentin (Kinney et al. 2003) . Moreover, other d-a interface components, such as the partially demineralized dentin and the HL adhesive-collagen composite, are probably anisotropic as well. In this paper, a revised FE model is developed to more accurately represent the morphological and micromechanical data. The revised model is utilised to investigate the effect of dentin and the HL anisotropy on load transfer at the d-a interface. To gain insight into the relative influence of material anisotropy, and to keep the postprocessing of the computational results, tractable twodimensional FE models are considered. The FE models are designed to investigate micromechanical measures for two sections of d-a interface-one along the axis of the tubules, and the other transverse to the axis of the tubules. The FE model of the d-a interface section along the tubules is utilised to investigate the effect of HL and dentin anisotropy. FE models of two different transverse sections are considered-one through the HL to study the effect of HL anisotropy, and the other through the dentin to study the effect of dentin anisotropy. These models are utilised to perform parametric studies of the effect of anisotropy on the stress and strain distributions within the dentin and the HL phases of the d-a interface.
Dentin-adhesive interface idealization for FE modelling
Raman microspectroscopy (mRS) has been utilized in the past to detect and quantify the molecular chemistry of d-a interface samples (Wieliczka et al. 1996 (Wieliczka et al. , 1997 Lemor et al. 1999; Spencer et al. 2000; . In a recent paper by , mRS data have been utilized to develop a method to determine the molecular-level composition of the dentin adhesive-HL interface, and to quantify the diffusion of adhesives into the demineralized dentin. In addition, using SAM, the in situ micromechanical properties of the d-a interface components have been determined (Katz et al. 2001 (Katz et al. , 2002 (Katz et al. , 2003 . Because of the non-destructive, non-invasive nature of the mRS and SAM, the same specimens have been investigated with both these techniques. As a result, the micro-scale morphology, chemical composition and the elastic property of the same small regions of the d-a interface of several specimens have been determined (e.g . table 3 of Katz et al. 2003) . This micro-scale data was utilized to develop a two-dimensional FE model for analysing micromechanical stress distributions in the d-a interface (Misra et al. 2004) . In this paper, the FE model is extended to more accurately represent the morphology and the probable anisotropic properties of the d-a interface components by considering a parametric variation of anisotropy of elastic moduli of the HL and the dentin. In general, multi-axial stresses will develop at the d-a interface when a restored tooth is subjected to loading. To keep the analysis simple, we consider the cases of uniaxial tensile loading (i) along the axis of the tubules, and (ii) transverse to the axis of the tubules, as depicted in figure 1. In this paper, the sample along the tubule direction is termed as the longitudinal section, and the sample perpendicular to the tubule is termed as the transverse section. Based upon the microchemical, micromechanical and morphologic characterization using mRS, SAM and optical microscopy, the d-a interface geometry may be represented by figure 2 representing the micro-scale longitudinal section. The longitudinal section of d-a interface is considered to be composed of the dental composite, the adhesive layer, the HL or the adhesivecollagen composite, uninfiltrated demineralized dentin or exposed collagen, uninfiltrated partially demineralized dentin, and the peritubular and intertubular dentin. Among the important features of the d-a interface are the adhesive flows into the tubule orifice forming adhesive tags that may be imperfectly bonded to the lumen wall through HLs. Furthermore, the microchemical measurements have shown that the adhesive infiltration into the demineralized dentin diminishes with depth, such that the adhesive-collagen HL is graded with depth . The amount of infiltration and the thickness of the HL is typically a function of the adhesive type. In addition, in the cases where the adhesive infiltration is not to the full depth of the demineralized dentin, an exposed collagen layer may exist below the HL as observed by Katz et al. (2001) through SAM measurements. Moreover, based upon the mRS measurements, the dentin underlying the HL has been found to be partially demineralized in a graded manner down to the dentin substrate ). In addition, SAM measurements have shown that the dentin below the exposed collagen zone may also experience partial demineralization, such that close to the interface, the dentin may be considered as mechanically graded. Thus, the d-a interface is characterized by a unique microstructure and a graded micromechanical property. Based upon the idealized d-a interface described above, a computational unit cell, which is representative of the interface section, is identified as depicted in figure 2. The distributions of micromechanical measures within the longitudinal section of the d-a are analysed by considering the twodimensional FE models of this unit cell. The FE models were created and analysed using a widely utilized commercial FE package I-Deas. computational cell dentinal tubule graded hybrid layer, exposed collagen or inter-tubular dentin peri-tubular dentin The micro-scale geometry of the transverse section may be similarly idealized based upon the microchemical, micromechanical and morphologic characterizations. Figure 3 represents the micro-scale transverse section of d-a interface. It is well known that the spacing between dentinal tubules is a function of the distance from the pulpal cavity towards the outer tooth surface. The spatial arrangement of the tubules is considered to be random with some degree of order (Kinney et al. 2001) . From a visual inspection of the SEM micrograph shown in figure 4 , it is reasonable to assume that the tubules are arranged in a near hexagonal lattice. Therefore, for the purposes of the FE model, a perfect hexagonal arrangement is assumed such that a two-dimensional hexagonal unit cell may be utilized to represent the transverse section. Furthermore, for computational efficiency, the symmetry of the two-dimensional unit cell may be exploited to select a computational cell shown in figure 3, which is a quarter of the hexagonal unit cell (Achenbach & Zhu 1990) . The distributions of micromechanical measures within the transverse section of the d-a are analysed by considering the two-dimensional FE models of this computational unit cell.
MATERIALS AND METHODS

FE models of longitudinal and transverse sections
Plane stress or axisymmetric elements may be utilized in the analysis to mimic the uniaxial tensile loading of the longitudinal section, depending upon the orientation of the section. The sections oriented in the circumferential plane are expected to be under a plane stress condition, while those oriented in the radial plane are expected to experience axisymmetric loading conditions. For the circumferential section, plane stress elements are considered appropriate in all d-a interface components as out-of-plane stress may be shown to have a minimal influence on the stress distributions (Misra et al. 2004) . For the radial section, axisymmetric elements may be utilized for all d-a interface components. Qualitatively identical results are obtained for analysis of the longitudinal section under plane stress and axisymmetric conditions. In contrast, the transverse section may be modelled using either plane stress or plane strain elements. Again, qualitatively similar results are utilized from analysis under plane stress or plane strain conditions. Elastic stress analyses of the two-dimensional computational unit cells subjected to tensile loads were performed with a widely utilized commercial FE package I-Deas. The FE meshes for these analyses are shown in figure 5 . Based upon the geometrical properties of the interface components, the computational unit-cell sizes for the longitudinal section may range from 30 to 37.0 mm high and 5.2-9.0 mm wide depending upon the location of the d-a interface in reference to the distance from pulpal cavity. The restorative dental composite is taken to be 6.0 mm thick, the adhesive layer to be 5.0 mm thick (it could be as thick as 15.0 mm) and the adhesive tags to be 2.0 mm wide. The partially demineralized intertubular dentin is taken to be 2.0 mm thick. The width of the peritubular dentin may vary from 0.6 to 1.0 mm, while that of the intertubular region may vary from 2.0 to 5.0 mm. Furthermore, the thickness of the HL is varied from 2.0 to 10.0 mm. The length of the HL formed between the adhesive tag and lumen wall is assumed to be between 5 and 7 mm along the tubule. The computational unit cell sizes for the transverse section are determined by the dentinal tubule centre-to-centre distance, which may range from 5.2 to 9.0 mm, depending upon the location of the d-a interface in reference to the distance from pulpal cavity. Perfect bonding is assumed among the various d-a interface phases. For accuracy of calculations, element size is chosen to be 0.1 mm.
Boundary conditions for the FE models
For the longitudinal section oriented in the circumferential plane (plane stress condition), the periodicity of the computational cell in the horizontal direction is considered by applying periodic boundary conditions on the nodes along the boundaries in the horizontal direction, given by uð0; yÞ Z KuðB; yÞ and vð0; yÞ Z vðB; yÞ; (2.1)
where u and v are the nodal displacements along x and y directions, respectively, and B is the width of the unit cell. For the longitudinal section oriented in the radial plane (axisymmetric condition), the horizontal boundaries are restrained as follows:
uð0; yÞ Z 0 and vð0; yÞ Z vðB; yÞ:
The bottom boundary nodes of the peritubular and intertubular dentin are restrained in the vertical directions. The bottom boundary nodes of the adhesives tags are unconstrained, as these are not attached at their base. A tensile force equivalent to 20 MPa is applied on the top boundary nodes of the dental composite. This applied stress is chosen to investigate the stress distributions close to the tensile strength of d-a interfaces. We note that Phrukkanon et al. (1999) have reported that the d-a interface tensile strength ranges from 15 to 30 MPa, depending upon dentin position.
For the transverse section, due to the nature of periodicity, strain controlled loading is considered appropriate for the analysis. Therefore, displacements that are compatible with the overall average strain of the transverse section are applied on the nodes of the hexagonal faces of the computational unit cell as follows:
where X and Y are the coordinates of the boundary nodes, and 3 ij is the two-dimensional strain tensor. In addition, the vertical displacements are restrained on the horizontal symmetry boundary, while the horizontal displacements are restrained on the vertical symmetry boundary. Two loading conditions are considered in the transverse section analyses, (i) uniaxial loading in the x-direction termed as X-loading such that 3 xx Z0.001 and the other strain components are zero, and (ii) uniaxial loading in the y-direction termed as Y-loading such that 3 yy Z0.001 and the other strain components are zero. These strains approximately correspond to the transverse strain experienced by the longitudinal section under the loading described in the previous paragraph.
Elastic properties and transverse isotropy parameters for dentin-adhesive interface phases
Beginning in the 1960s, macro-scale elastic moduli of dentin have been measured by a variety of methods as reviewed by Kinney et al. (2003) . However, relatively few attempts have been made to measure the elastic moduli at micro and sub-micro scales. Table 1 shows the elastic and geometrical properties of the interface components based upon published values measured using micromechanical methods. Using nanoindentation methods, Kinney et al. (1999) , have measured the elasticity modulus of peritubular dentin to have a mean value of 28.6 GPa, with that of intertubular dentin as having a mean value of 20.0 GPa. More recent measurements by Katz et al. (2001) using SAM have shown that in the vicinity of the interface, the intertubular dentin may have elasticity modulus as low as 13.0 GPa due to partial demineralization. Thus, the intertubular dentin below the hybrid/exposed collagen layer is expected to have a modulus gradient from 13.0 GPa ramping up to 20.0 GPa. Using SAM, Katz et al. (2001) have also measured the elastic modulus of the exposed collagen layer to be 1.76 GPa. It is noted that the HL modulus depends upon the success and extent of adhesive infiltration into the demineralized collagen. For a given adhesive infiltration profile, the HL modulus may be graded between a high of 5.0 GPa for adhesive and ca 1.0 GPa for exposed collagen depending upon the volume fraction of adhesive-collagen mixture. In this paper, by assuming Kinney et al. (1999) . b Based upon measurements by Kinney et al. (1999) and Katz et al. (2001) . The intertubular dentin modulus was measured to be 20 GPa by Kinney et al. (1999) . c Katz et al. (2001) found that the intertubular dentin close to the interface has a lower modulus of 13 GPa due to partial demineralization during etching. Therefore, in the vicinity of the interface, the intertubular dentin is considered to have a modulus gradient from 13 GPa ramping up to 20 GPa. d Based upon measurements by Katz et al. (2003) .
a linear adhesive infiltration profile, the elastic modulus of the HL is taken to be graded from 4.0 GPa at the top of the HL to 1.76 GPa in the exposed collagen layer at the bottom of the HL. Very few measurements have revealed the nature of dentin elastic moduli anisotropy. In a recent paper, Kinney et al. (2003) have discussed dentin anisotropy in the context of elastic moduli measured using ultrasonic wave propagation techniques. Dentin elastic moduli obtained from longitudinal and shear wave velocity measurements by Lees & Rollins (1972) indicate that dentin is transversely isotropic with higher stiffness in the tubule direction. The elastic moduli measured by Kinney et al. (2004) using resonant ultrasound spectroscopy also indicate that the dentin is transversely isotropic, however, with higher stiffness perpendicular to the tubule direction. These measurements have been performed on millimetre scale samples. To date, the anisotropy of the micro-scale (at length-scales ! 1 mm) elastic moduli of the different d-a interface phases have not been measured experimentally. However, morphological features, such as the orientation of the collagen fibrils in the peritubular and intertubular dentin, as indicated by the SEM micrograph in figure 6a and the anisotropic nature of the hydroxyapatite crystals (Katz & Ukrainick 1971) strongly suggest that at micro and submicro scales the mechanical properties are probably anisotropic. In addition, the relative dense packing of collagen fibrils in the intertubular (as opposed to the peritubular) regions further suggests that the nature of anisotropy is probably different in the various regions of the dentin. However, we note that upon the basis of this limited morphological information, the nature or degree of anisotropy is difficult to predict. In any case, at the very minimum, the micro-scale elastic moduli of dentin may be considered to be transversely isotropic.
In the absence of any directly measured micro-scale anisotropy of d-a interface phases, we consider that the HL and the peritubular dentin have transverse isotropic properties such that the stiffness in the longitudinal direction along the tubules (in the z-direction depicted in figure 1 ) is different than that in the transverse direction perpendicular to the tubules, given by the x-y plane depicted in figure 1. The transverse isotropic properties may be represented either in terms of the stiffness matrix C ij or the compliance matrix S ij that gives the relationship between the stresses and strains (see appendix A showing the stress-strain relationship for transversely isotropic elastic materials).
The stiffness matrix C ij and the compliance matrix S ij may be expressed in terms of the elastic modulus in the z-direction E zz , the elastic modulus in the plane of isotropy E xx ZE yy ZE, the Poisson's ratio associated with any two orthogonal directions in the x-y plane, n xy Zn yx Zn, the Poisson's ratio associated with the z-direction and a direction in the x-y plane is, n xz Zn yz Zn 3 , and the shear modulus G zx ZG yz ZG 3 . We note that the shear modulus in the x-y plane is given by
For simplicity of the FE analysis in this paper, we assume that the elastic modulus EZaE zz , the shear modulus G 3 ZaG xy , and the Poisson's ratios n 3 Zn, where the elastic moduli E zz for different phases are taken as those given in table 1. The Poisson's ratio n, is taken to be 0.29 for all the phases with the exception of exposed collagen. Considering that the exposed collagen layer may have high water content, its Poisson's ratio is taken to be 0.45. We note that the Poisson's ratio of the HL may also be graded from high water content exposed collagen value of 0.45-0.3 for dry dentin. The parameter a!1 yields transverse isotropic properties stiffer in the z-direction, aZ1 yields isotropic properties, and aO1 gives transverse isotropic properties stiffer in the x-y plane. For our parametric study, the parameter a is taken to be 0.5, 1 and 2, in order to bound the probable anisotropy of the different phases.
RESULTS
Micro-scale stress and strain distributions are obtained for both the longitudinal and transverse FE models by considering the above anisotropic elastic moduli. In the results we present in this paper, the longitudinal model is taken to be 37 mm high and 8.0 mm wide. The width of the peritubular dentin for this model is taken to be 1 mm and the HL thickness is taken to be 10 mm. The HL is small size low tubule density large size high tubule density (a) ( b) Figure 6 . SEM micrographs of partially demineralized dentin: (a) indicating the orientations of intertubular collagen fibrils; and (b) indicating that tubule opening is larger and spacing is denser for deep dentin as opposed to shallow dentin. As is evident, the structure and properties of dentin substrate vary with location and can affect the bond formation (Marshall et al. 1997 ).
considered to possess a linearly graded elastic modulus. In the FE model, the HL is divided into several sub-layers, and the sub-layer E zz is varied linearly from 4 GPa in the proximity of adhesive layer to the exposed collagen elastic modulus of 1.76 GPa reported in the literature (Katz et al. 2003 ). The transverse model dimensions are related to the tubule centre-tocentre distance, which is taken to be 8.0 mm. In the transverse model, the adhesive tag is taken to be 1 mm in sections 1 and 2, while the peritubular dentin thickness is taken to be 0.6 mm in section 2 (see figure 5 ). We focus upon the micro-scale stress and strain distributions within the HL and the dentin. These regions are chosen because these phases are considered critical to the behaviour of d-a interface. Stresses have been shown to concentrate in the HL and peritubular dentin (Misra et al. 2004) . As shown in figure 7a , the stresses concentrate in two zones of the longitudinal section, where zone 1 is in the adhesive tags proximal to the HL, and zone 2 is in the peritubular dentin proximal to the adhesive tags at the base of the HL. In addition, as shown in figure 7b , the stresses concentrate in the adhesive tags proximal to the HL in the transverse section 1 and in the peritubular dentin proximal to the adhesive tags in the transverse section 2. In addition, it is well known that the HL has a relatively lower elastic modulus than the other phases and therefore may experience high strains.
Effect of anisotropy on the stress-strain distributions in the longitudinal section
To investigate the effect of anisotropy, FE computations are performed for the longitudinal model by assigning anisotropic properties to the HL and the dentin while all the other phases are assigned isotropic properties. Figure 8 shows the longitudinal stress, s xx , and the transverse stress, s xx , distributions within the HL of the longitudinal section for anisotropy parameter aZ0.5, 1 and 2. For the stress distributions in figure 8 , only the HL is taken to be anisotropic, while the other phases are considered to be isotropic. The scales utilized for plotting each of these distributions are also shown in figure 8. As discussed above, the stresses concentrate in the adhesive tags in the vicinity of the HL.
Comparing the stress distributions for the longitudinal stress, s xx , in figure 8, we observe that for aZ0.5, the case in which HL is stiffer in the tubule direction, the adhesive tag experiences a relatively lower stress concentration as shown by the smaller area of dark grey shading and the HL experiences less stress shielding as shown by the larger medium grey region compared with the isotropic case of aZ1.0. In contrast, for aZ2.0, the case in which HL is stiffer in the direction perpendicular to the tubule direction, the adhesive tag experiences a relatively higher stress concentration as shown by the larger area of dark grey shading and the HL experiences greater stress shielding as shown by the larger light grey region compared with the isotropic case of aZ1.0. Similar behaviour is observed for the distribution of transverse stress, s xx .
The longitudinal stress, s xx , in the adhesive tag proximal to the HL may be as high as 34.9 MPa, which is 1.75 times the applied tensile stress of 20 MPa. In addition, the transverse stress, s xx , developed in the adhesive tag could be as high as 10.7 MPa. A majority of the HL experiences stress shielding, although in the upper region close to the adhesive layer the stresses could be close to the applied stress. Furthermore, the stress concentration in the adhesive tag proximal to the HL is less for HL that is stiffer in the tubule or the z-direction (aZ0.5). Also, the transverse stress, s xx , concentration is located close to the partially demineralized layer as opposed to the z-direction stress concentration.
To further explore the details of stress distributions in the longitudinal section of the d-a interface, figure 9 plots the major principal stresses along sections A, B and C for anisotropy parameter aZ0.5, 1 and 2. As noted from figure 5, section A goes through the adhesive tag, section B goes through the HL, the partially demineralized dentin and the peritubular dentin, and section C goes through the HL, the partially demineralized dentin and the intertubular dentin. In figure 9 , the HL and the peritubular dentin are taken to be anisotropic, while the other phases are considered to be isotropic.
From the plots for section A, we observe that the HL anisotropy has a considerable effect on the major principal stress concentration in the adhesive tag proximal to the HL. The maximum stress in this stress concentration region is typically located close to the bottom of the HL. As the anisotropy parameter for the HL changes from aZ0.5 to 2.0, the maximum stress increases and the location of the maximum stress shifts closer to the bottom of the HL. The maximum stress varies from 25 MPa for aZ0.5 to 35 MPa for aZ2.0; thus, the stress concentration factor in the adhesive tags can be as high as 1.75. We also find that as the peritubular dentin anisotropy parameter changes from aZ0.5 to 2.0, the maximum stress increases; however, this increase is small compared with that due to HL anisotropy.
For section B, we observe that the major principal stress increases from 20 MPa to 30 MPa in the partially demineralized dentin, and from 30 MPa to 40 MPa in the peritubular dentin. Thus, the partially demineralized dentin and the peritubular dentin can have stress concentration factors as high as 1.5 and 2, respectively. Although the HL anisotropy has only a small effect on the major principal stress concentration in the peritubular dentin, the stresses tend to be higher for isotropic HL and anisotropic peritubular dentin that is stiffer in the direction perpendicular to the tubule (aZ2.0).
For section C, we observe that the HL experiences some stress shielding; however, the major principal stress in the top and bottom layers is close to the applied stress. The HL anisotropy has a small affect on the degree of stress shielding. For HL stiffer in the direction perpendicular to the tubule (aZ2.0), the stress shielding is higher. We also find that the intertubular dentin experiences a stress concentration which is highest for HL and peritubular dentin stiffer in the direction perpendicular to the tubule (aZ2.0). The HL anisotropy has a larger effect on the stress shielding within the HL, while the peritubular dentin anisotropy has a larger effect on the stress concentration in the intertubular dentin.
The strain distributions are very similar to the stress distributions. However, due to its lower elastic moduli, the HL experiences higher strains that typically exceed those of the neighbouring adhesive tag. As shown in figure 10 , the maximum major principal strain ranges from 0.47 to 0.62% in the adhesive tag, while that in Anisotropy and dentin-adhesive interfaces A. Misra and others 153 the HL ranges from 0.81 to 0.93% as the HL anisotropy changes from aZ0.5 to 2.0. The highest strains are observed in the bottom zone of the HL for the HL that is stiffer in the direction perpendicular to the tubule (aZ 2.0). The stress and strain distributions computed using the longitudinal FE model indicate that failure or fracture could probably initiate at three locations in the HL and the dentin: (i) in the adhesive tag proximal to the HL due to stress concentration; (ii) close to the bottom of HL due to high strains; and (iii) interface between the adhesive tag and peritubular dentin of the lumen wall due to stress concentrations.
Effect of anisotropy on the stress-strain distributions in the transverse section
We focus upon the micro-scale stress and strain distributions in the adhesive tags proximal to the HL in the transverse section 1 and in the peritubular dentin proximal to the adhesive tags in the transverse section 2. Figure 11 shows the major principal stress and strain distributions within the transverse section 2, subjected to strain controlled loading in the x-direction for three cases of peritubular dentin anisotropy while the HL is isotropic. The scales utilized for plotting these distributions are also shown in figure 11 . Qualitatively, similar distributions are obtained for loading in the y-direction. As expected, the stresses concentrate in the peritubular dentin, and, interestingly, the maximum major principal stress is located in the peritubular region that is on the farther side of the tubule circumference as compared with the loading direction. Furthermore, the peritubular dentin anisotropy has a profound effect on the distribution as well as the concentration of stresses. As the peritubular dentin anisotropy changes from aZ0.5 to 2.0 as the stress concentration in the peritubular and intertubular dentin increases. When the peritubular dentin is stiffer in the direction perpendicular to the tubule, the stress concentrations developed within the peritubular dentin could be up to 5-10 times that for the case in which the peritubular dentin is stiffer along the tubule. Furthermore, when the peritubular dentin is stiffer in the direction perpendicular to the tubule, the intertubular dentin experiences much higher stresses.
On the other hand, the principal strains tend to concentrate within the HL formed between the adhesive tag and the peritubular dentin of the lumen wall as shown in figure 11 . This strain concentration is expected because the HL is a softer phase compared with the other phases in this section. However, it is interesting that this strain concentration is Figure 11 . Effect of dentin anisotropy on the principal stress and strain distribution in the transverse section 2 with the hybrid layer kept isotropic. significantly affected by the peritubular dentin anisotropy. The strain concentration factor is 3.0 for aZ0.5, 3.6 for aZ1.0 and 5.2 for aZ2.0. We note that when the peritubular dentin is stiffer in the direction perpendicular to the tubule (aZ2.0), the strain concentrations developed within the HL could be up to 1.7 times that for the case in which the peritubular dentin is stiffer along the tubule (aZ0.5). The stress and strain concentrations are also affected by the HL anisotropy as shown in figure 12 . In section 1, the maximum major principal stress in the adhesive tag increases slightly as the HL anisotropy changes from aZ0.5 to 2.0. We observe that the maximum major principal stress increase is comparable to the transverse stress, s xx , increase seen in the adhesive tag of the longitudinal model shown in figure 8 along section 1. The strain concentration factor shows a slight decrease as the HL anisotropy changes from aZ0.5 to 2.0. On the other hand, in section 2 the maximum major principal stress in the peritubular dentin decreases as the HL anisotropy changes from aZ0.5 to 2.0, albeit by a small amount. However, the strain concentration factor in the HL formed between the adhesive tag and the peritubular dentin of the lumen wall changes significantly with HL anisotropy.
DISCUSSION
The premature failure of moderate to large composite restorations can be traced to a breakdown of the bond at the tooth surface-composite material interface (Collins et al. 1998; Mair 1998; Nordbo et al. 1998) and increased levels of the cariogenic bacteria, Streptococcus mutans, at the perimeter of these materials (Svanberg et al. 1990; Dunne et al. 1997) . The breakdown of this bond has been linked to the failure of our current materials to consistently seal and adhere to the dentin (Meiers & Kresin 1996) . Acid etching provides effective mechanical bonding between the composite restoration and treated enamel, but breakdown at the dentin surface continues to threaten the long-term viability of large posterior composite restorations (Dunne et al. 1997; Roulet 1997; Nordbo et al. 1998) .
Current theories on dentin bonding suggest that two fundamental processes are involved in bonding an adhesive to dentin. First, the mineral phase must be extracted from the dentin substrate without altering the collagen matrix, and, second, the voids left by the mineral must be filled with adhesive resin that undergoes complete in situ polymerization (i.e. the formation of a resin-reinforced or HL). The ideal HL would be characterized as a three-dimensional collagen-resin biopolymer that provides both a continuous and stable link between the bulk adhesive and dentin substrate.
Using the micro-scale morphological, chemical and mechanical properties of d-a interfaces obtained from the confocal mRS and SAM, the authors have developed an FE model of the d-a interface. The results computed from the FE model indicate that the stress distributions and concentrations are affected by the micro-scale elastic properties of various phases composing the d-a interface. In this paper, a revised FE model is developed that accurately captures the micro-scale structure and mechanical properties. To gain insight into the relative influence of material anisotropy, and to keep the postprocessing of the computational results tractable, twodimensional FE models are considered. The FE models are designed to investigate micromechanical measurements for two sections of d-a interface-one along the axis of the tubules, and the other transverse to the axis of the tubules. The FE model of the d-a interface section along the tubules is utilized to investigate the effect of HL and dentin anisotropy. FE models of two different transverse sections are considered-one through the HL to study the effect of HL anisotropy, and the other through the dentin to study the effect of dentin anisotropy.
The two-dimensional FE calculations show that the stresses concentrate in two zones of the d-a interface: one zone that could lead to failure initiating within the 'HL', and the other zone that could lead to either 'adhesive' failure initiating in the 'demineralized dentin-exposed collagen' close to the dentin substrate or failure initiating in the dentin. The probable failure initiation sites predicted by these preliminary calculations seem similar to those determined by fractographic evaluations of conventional bond tests (Sano et al. 1994; Phrukkanon et al. 1999; Hashimoto et al. 2002; De Munck et al. 2003) .
The FE models are also utilized to perform parametric studies of the effect of anisotropy on the stress and strain distributions within the dentin and the HL phases of the d-a interface. It is found that the anisotropy of the phases affects the region and extent of stress concentration as well as the location of the maximum stress concentrations. Thus, the anisotropy of the phases could effect the probable location of failure initiation, whether in the peritubular region or in the HL. For instance, the stress and strain distributions computed using the longitudinal FE model indicate that failure or fracture could probably initiate at three locations in the HL and the dentin: (i) in the adhesive tag proximal to the HL due to stress concentration; (ii) close to the bottom of HL due to high strains; and (iii) interface between the adhesive tag and peritubular dentin of the lumen wall due to stress concentrations.
Finally, we note that the two-dimensional models under simple loading conditions have been studied as a prelude to more complex three-dimensional modelling under general loading. These two-dimensional models provide a critical insight to the types of phenomena that may be expected in such complex systems. Based upon preliminary calculations performed by changing the intertubular spacing, we have observed similar stress concentration zones for coronal d-a interface. Further work is required to understand the variations in the d-a interface micromorphological and micromechanical properties. For instance, if the diameter of a tubule becomes wider in the demineralized dentin resulting in a conic geometry of the tubule, then we expect the degree of stress concentrations to change. However, the stress concentrations zones are probably the same. In addition, if the bond between the adhesive tags and peritubular dentin is imperfect, then the stress concentrations zones are probably within the HL and partially demineralized dentin. These two-dimensional Anisotropy and dentin-adhesive interfaces A. Misra and others 155 models indicate the need to further refine the mechanical property measurements, including the anisotropic elastic moduli, Poisson's ratio and strength in regions of stress concentrations.
